A pilot-scale evaluation was conducted at the U.S Environmental Protection Agency (EPA)
Protection Agency's (EPA's) National Risk Management
Research Laboratory (NRMRL) has been conducting research on small drinking water systems since 1997 in response to the 1996 reauthorization of the Safe Drinking Water Act (SDWA). The SDWA established standards for drinking water systems and required EPA to assess treatment technologies relevant to small systems. This study evaluated the performance of a composite cartridge (Harmsco Filtration Products, West Palm Beach, Florida) that consists of physical filtration, adsorption and UV disinfection in removing physical, chemical and biological contaminants. The study also identified areas for further improvement and critically evaluated the applicability of the small system as a home water security device. The study also compared the potential of aerobic spore Bacillus subtilis with PSL beads as surrogate for Cryptosporidium.
METHODS AND MATERIALS

System description
The composite cartridge filter is constructed in three layers surrounding a hollow core. Figure 1 shows a conceptual diagram, various layers of the cartridge and the direction of water flow of the system. The outer filter media is a pleated pre-filter for removing particles and sediment. The second layer consists of an activated carbon extrusion to adsorb chemicals and to improve taste. The last layer is a submicron, pleated filter media for removing finer particles and microbial contaminants. The filter system housing consists of upper and lower chambers that are connected by an internal standpipe. The upper chamber houses the composite cartridge while the lower functions as a UV sterilization chamber. The cartridge and its hollow core, fits over the standpipe. There are two O-rings in the cartridge that engage with the standpipe and establish a seal to prevent by-passing. The UV chamber performs inactivation of microbial contaminants. Water enters the upper chamber and flows through all layers of the composite cartridge, then enters the UV chamber through the standpipe. After UV treatment, the finished water exits the system housing.
The filtration system setup at the T&E Facility ( Figure 2) incorporates an inlet pump, power supply panel, inlet and outlet flow valves, pressure gauges, sample ports and associated electrical and plumbing hookups.
Experimental challenges
Turbidity challenges
Turbidity is traditionally used as an indicator of water quality and a measure of effectiveness of a treatment process in removing pathogens from source water (U.S. EPA 2003a) .
Several pilot-scale and full-scale studies have demonstrated that organism-sized particles, turbidity and heterotrophic plate count (HPC) are approximate indicators of pathogen removal by drinking water treatment processes but are not reliable quantitative surrogates (LeChevallier & Norton 1992; Nieminski & Ongerth 1995; Huck et al. 2001 Huck et al. , 2002 Emelko et al. 2005) . In this study, the system was challenged with various turbidity levels ranging from 1 Nephelometric Turbidity Unit (NTU) to 10.4 NTU to evaluate the performance of the system in meeting drinking water guidelines.
Microbiological challenges
To evaluate specific bacteria removal, the system was challenged with two different species: 1) Bacillus subtilis, a predominant aerobic spore and 2) Escherichia coli, a human pathogen. Several studies (Yates et al. 1998; Dugan et al. 2001; Cornwell et al. 2003; Brown & Cornwell 2007 ) have demonstrated that B. subtilis is a conservative surrogate for Cryptosporidium parvum (C. parvum), a spore resistant to conventional disinfection by chlorination. MS2 bacteriophage, described as a surrogate for pathogenic enteric viruses (Harrington et al. 2003) , was used in this study to challenge the system to evaluate the performance in removing viruses. MS2 bacteriophage has also been mentioned as a biological surrogate for Cryptosporidium (Fallon et al. 2007 (Li et al. 1997; Swertfeger et al. 1998; Amburgey et al. 2001; Emelko et al. 2003; Emelko & Huck 2004) . The relationship between C. parvum and polystyrene microspheres removal were filter-specific and affected by the operating conditions (Emelko et al. 2003) .
During the turbidity challenges, influent and effluent concentrations of particles in the Cryptosporidium size range of 2 to 5 mm were measured to provide an indirect, secondary measure of protozoa removal. Heterotrophic plate counts in the influent and effluent were also monitored during the turbidity challenges to evaluate heterotrophic bacteria removal by the system (with and without UV treatment).
Chemical challenges
The system was challenged with MTBE, a fuel additive, high chlorine concentration typical of that required to disinfect a water distribution system following a biological contamination event, disinfection byproducts from chlorination such as trihalomethanes (THMs) and haloacetic acids (HAAs) and diazinon, a pesticide.
The widespread use of MTBE combined with its high mobility, water solubility and resistance to natural attenuation has resulted in its detection in ground and surface waters (Squillace et al. 1996; Hartley et al. 1999; Fayolle et al. 2001 ). U.S. EPA has classified MTBE as a possible human carcinogen and set a drinking water advisory at 20 -40 mg/L to prevent taste and odor problems and to protect against potential health effects (U.S. EPA 1997) .
Chlorine is widely used in the disinfection of drinking water. Waterborne diseases, such as cholera, typhoid and dysentery have decreased dramatically due to chlorine disinfection (Moudgal et al. 2000; Hamidin et al. 2008 ).
However, chlorine and its related species react with organic matter in water to produce chemical compounds known as disinfection byproducts. Of these, THMs and HAAs are found in the highest concentrations in treated drinking water (Richardson 2003; Hamidin et al. 2008 (Chiron et al. 2000) .
Most pesticides present in surface water are not removed by conventional treatment processes (Miltner et al. 1989) .
Therefore, more efficient processes are required to remove pesticides during drinking water production.
Injection, sampling and analysis
Turbidity challenges
Feed water with the target turbidity level was prepared by mixing water from a surface water source (Mill Creek, located adjacent to the T&E Facility) with dechlorinated potable water in a 5,000-gallon tank. Although the quality of the Mill
Creek water varies during different times of the year, the typical values of the general parameters are as follows: pH < 8.0, dissolved oxygen < 6.2 mg/L, temperature < 14.58C, biochemical oxygen demand (BOD5) < 3.2 mg/L, chemical oxygen demand (COD) < 6.2 mg/L, TOC < 6.7 mg/L, conductivity < 535 mmohs/cm, TSS < 52 mg/L and hardness 245 mg/L. A mass-balance approach was used to determine the mixing ratio of potable water to surface water to achieve the target feed water turbidity. Automatic turbidity sensors (HACH Model:ATI 15/76) were installed in the tank as well as in the supply pipe to continuously monitor the turbidity of the feed water. Grab samples for influent and effluent were collected at hourly intervals for approximately 5 hours.
The turbidity of these grab samples was determined using a HACH turbidity meter, Model 2100P. An online particle counter (HACH Model: 1900 WPC) was used to monitor the influent and effluent particle count data in the size range of 2-5 mm. Grab samples for influent and effluent HPC concentrations were collected twice during each test run. The HPC concentrations were determined using the IDEXX SimPlate method (IDEXX 2002) . Triplicate tests were conducted for each contaminant for evaluating the performance of the system. All the tests were performed using dechlorinated potable water at a flow rate of 15 gpm.
Microbiological challenges
For PSL bead challenges, 1 mL of stock bead suspension with an approximate concentration of 10 9 per mL was mixed with 500 mL of 0.01% polysorbate surfactant in a 1-L glass beaker. The 500 mL suspension was then injected into the influent stream of the system using a peristaltic pump.
At the completion of the injection, the beaker was filled with an additional 500 mL of 0.01% polysorbate surfactant and injected into the feed stream. The total injection time for the bead suspension and the rinseate was 30 minutes.
The system was run for 4 -5 hours after completion of the injection. A slip stream of the effluent from the system was diverted through a 1 mm membrane in a manifold membrane system to collect the beads from the effluent. For influent turbidity levels between 1 and 3 NTU, effluent PSL bead challenges Table 5 shows the results for PSL bead challenges, used as a surrogate for Cryptosporidium. A total of four tests were conducted on the cartridge operated at 15 gpm. The concentrations of beads in the injected suspensions were around 10 6 per mL that generated a total beads count of approximately 10 9 in the influent stream. The log removal varied from 2.3 to 2.5 with an average log removal of 2.4.
RESULTS AND DISCUSSIONS
Two additional tests were conducted on a cartridge with finer inner media at 11.0 gpm. The log removal values increased to 3.73 at clean conditions and 3.12 at dirty conditions. Although the removal performance for turbidity and natural particles did not deteriorate at the dirty condition of the filter, the removal performance for PSL beads deteriorated at dirty conditions. This is attributed to the higher rigidity of the PSL beads. Emelko & Huck (2004) has explained that polystyrene microspheres may be more rigid than oocysts and therefore may attach and/or detach differently as filter influent particle load or composition changes. Escherichia coli challenges Fallon et al. (2007) . however, such recovery was very short-lived. Table 10 shows the results of super-chlorination challenges.
Bacillus subtilis challenges
MS2 bacteriophage challenges
MTBE challenges
Chlorine challenges
For influent chlorine levels between 4.00 to 5.70 mg/L, the effluent chlorine levels varied between 0.02 to 0.43 mg/L. concentrations between 6.53 to 15.6 mg/L, the effluent concentrations varied between 4.04 to 10.39 mg/L. 
CONCLUSIONS
Based on the data obtained from the turbidity challenge tests, the tested composite cartridge system demonstrates potential for removal of turbidity and Cryptosporidium size particles. For influent turbidity levels between 1 and 3 NTU, effluent turbidity levels varied between 0.38 and 0.62 NTU and overall removal efficiencies ranged between 64.5 and 85.6%. Particle count was used as a secondary indicator of the performance of the system in filtering particles in the Cryptosporidium size range (2-5 mm). For influent particle counts between 214 and 5,202 per mL, the effluent particle counts were between 94 and 220 per mL and the resulting 
